The possibility of the ultrasound-induced lung haemorrhage occurring in adult human during diagnostic ultrasound examination is studied here. This study is based on the hypothetical alveolar resonance mechanism of the ultrasound-induced lung haemorrhage. The alveolar wall is initially modelled here as a square membrane with fixed-boundary, and then theoretically subjected to vibration analysis. The equation of threshold pressure for the occurrence of ultrasound-induced lung haemorrhage is derived. A comparison test against past experimental data validates the use of the square membrane model of the alveolar wall in studying the ultrasound induced lung haemorrhage. This study predicts that the ultrasound-induced lung haemorrhage in adult human can be prevented if the ultrasound frequency is kept above 1.69
Introduction
The Ultrasound-Induced Lung Haemorrhage
The ultrasound (US) at diagnostic exposure level is detrimental as it is shown to cause lung haemorrhage in mice, rats, rabbits, monkeys and pigs [1, 2] . Nevertheless, there is no evidence of the US-induced lung haemorrhage occurring in human, possibly due to the lack of experimental studies. Only a single study reports that US-induced lung haemorrhage does not occur in humans at 3.5 MHz minimum frequency and maximum pressure of 2.4 MPa [3] .
Mechanical mechanism (non-thermal effects) is believed to be responsible for the US-induced lung haemorrhage [4] . The mechanism known as inertial cavitations of micro-bubbles has been widely researched. However, several studies have ruled out it from being the mechanism of the US-induced lung haemorrhage [5, 6] . 60 D. John Jabaraj et al.
Alveolar Resonance Mechanism
There is a hypothetical mechanical mechanism that may explain the US-induced lung haemorrhage [4] . This mechanism is known as the alveolar resonance mechanism.
The alveolar resonance mechanism suggests that the US wave's propagation in the lungs causes alveolar oscillation [7] . The alveolar structure deforms rhythmically and produces local stresses to its own tissues [8] . This causes detrimental strain on the tissues and damages it. Nevertheless, ter Haar [9] states that the resonance of large gas bodies such as the alveoli (~50 μm) is different than the inertial cavitations of microbubbles (~1 μm) in respect to diagnostic US frequency range.
The mechanism of alveolar resonance, for producing US-induced lung haemorrhage, have not been explored experimentally or theoretically [9] . A thorough survey of literature gave no indication that the alveolar resonance mechanism hypothesis has been tested or studied.
The Strain in Alveolus
The elastic tension of the alveolar wall depends on the strain caused by normal tidal breathing. During normal tidal breathing of 20% Total Lung Capacity (TLC) onwards, the alveolus is stretched slightly, resulting in a linear strain from 0 -0.05 [10] .
Belete [11] states that cell wounding in parenchyma tissue occurs significantly at linear strain of 0.08. The linear strain forms fractures in the plasma membrane of the alveolar epithelial cells [12] . This linear strain of 0.08, that damages elements within the alveolar wall and cause haemorrhage, will be called here as the yield linear strain.
Methods

Modelling of the Alveolar Wall Structure
The defining structure of the alveolus is its wall. Several assumptions were made concerning the alveolar wall and its behaviour for the purpose of modelling.
The alveolar wall contains elastin fibres and plasma membrane (with lipid bi-layers) [13] . If the deformation of the alveolar wall is reversible and small, then it obeys the Hooke's Law [14] . Thus, the alveolar wall is assumed to be isotropic and linearly elastic. The linear theory of vibration is assumed to be applicable to the alveolar wall.
The alveolar wall is further assumed as a square membrane with fixed boundary.
The facets of the alveolar wall are in reality shaped as flat irregular pentagon [15] .
However, for simplification purposes, the shape of the alveolar wall facet is modelled here as a square. The alveolar wall is modelled as flat membrane instead as plates because its stiffness is small [16] . The alveolar wall is shared among alveoli.
This provides radial support to the alveolar wall facet at its edges [17] .
Theoretical Modelling of Alveolar… 61
Fundamental Frequency of Modelled Alveolar Wall
The facet of the alveolar wall is modelled as square membrane model. The resonant frequency for square membrane model is [18] ;
The resonant frequency mode is denoted as n x , n y and L is the radius, while c T is the transverse wave velocity on alveolar wall.
Forced Vibration of the Modelled Alveolar Wall
At fundamental mode, the point in the centre of membrane and its deflection imitates the motion of the single degree of freedom (SDOF) vibration. According to Bachmann [19] , the vibration of a continuous system at fundamental frequency can be approximated as an equivalent SDOF vibration.
If the membrane model of the alveolar wall is forced to vibrate at fundamental mode by the external US waves, then the resonant amplitude is [20] ;
with F 0 as rarefaction peak force of US waves. The angular fundamental frequency of the membrane model is denoted as ω o while its equivalent mass is m eq . The equivalent mass depends on the shape of the membrane vibration at fundamental mode. The quality (Q) factor of the vibrating system is denoted as Q.
As the US wavelength is larger than the dimension of alveolar wall surface area, it can be assumed that the force imparted on the surface by the US wave is uniformly distributed. Thus, the peak rarefaction pressure (P o ) of US waves applied to a membrane surface area (A) is related to the peak rarefaction force (F o ) by;
Thus Equation (2) morphs into;
The equivalent area density is the equivalent mass over area,
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The Q-factor
The Q-factor of membrane is approximated to be due to membrane's support loss only [21] . Hence the Q-factor of vibrating square membrane at fundamental mode
where d is the thickness and L is the side-length of membranes.
The equivalent area density
The equivalent mass at fundamental mode for the square membrane is [22] ;
Therefore, the equivalent area density at fundamental mode for the vibrating square membrane is,
where the density is denoted as ρ while d is thickness and A is the surface area
Relation between Resonant Amplitude and Areal Strain
The alveolar wall membrane is modelled as a two-dimensional thin flat elastic membrane. The type of strain analyzed here will be the areal strain;
The initial area is denoted as A 0 while A 1 is the deformed area. The square membranes' shape while at rest is a flat square. Thus, the initial area is,
where L is the side-length.
The membranes' shape at fundamental mode is a square based dome ( Fig. 1) [18] . If the height (Z) is smaller than the dimension of the membrane, then the shape can be simplified into a square based pyramid, as an approximation (Fig. 1) .
Thus, the deformed area is;
where the slant height
The areal strain at resonance (ε r ) for deformed square membrane due to resonant amplitude (Z max ) in the fundamental vibration mode is analyzed by applying Equations (9-11) into Equation (8).
) ( 
Results
Fundamental Frequency
The fundamental frequency of the square membrane model occurs when mode is n x = n y = 1. The transverse wave velocity on alveolar wall is determined to range from 0 to 489 m/s [23] . The diameters of the alveolus for the adult mouse and human are 40 -80 μm and 200 -400 μm, respectively [24] . By utilizing the Equation (1), the fundamental frequencies of the square membrane model of alveolar wall for adult mouse is calculated to be 0 -8.64 MHz, while for the adult human it is 0 -1.73 MHz.
The Threshold Pressure Equation
The minimum external driving waves' pressure that will result in enough resonance amplitude to achieve the yield strain in the membrane model of alveolar wall and damage its components, will be called here as the threshold pressure. This 64 D. John Jabaraj et al.
represents the threshold pressure of the US waves that experimentally produce detectable lesions of US-induced lung haemorrhage in animals.
The threshold pressure equation for producing damage in the square membrane model of the alveolar wall is derived by substituting Equation (5), (7) and (12) 
The threshold pressure formulas for specific mammals are obtained by inserting the minimum alveolar wall thickness values into Equation (14) .
Validation of the Square Membrane Model of the Alveolar Wall Resonance
The experimental data of past US-induced lung haemorrhage studies were compiled by Church & O'Brien [1] . Only the lowest threshold pressure value at each frequency from each experimental study was chosen. There is however only sufficient data for the adult mouse (Appendix C) and these were plotted together with the square membrane model curve for the adult mouse, in the threshold pressure vs. fundamental frequency graph (Fig. 2) . The minimum alveolar wall thickness value for the adult mouse is 3 μm [26] .
The MI Index
The mechanical index, MI = 1.9 is plotted in the threshold pressure vs. fundamental frequency graph for the square membrane model of human alveolar wall, in order to analyze the MI relation with the US-induced lung haemorrhage for human (Fig. 3) .
The minimum alveolar wall thickness value for the adult human is 10 μm [26] . 
Discussion
The fundamental frequencies of the square membrane model of alveolar wall for adult mouse and human is determined to be within the diagnostic US frequency range.
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the alveolar wall, is for the fundamental mode only. Beards [27] states that if a structure can survive the fundamental mode resonance, it will be able to survive the other resonance mode too (at that same frequency values). Thus, the study of the threshold pressure at fundamental mode of the square membrane model of alveolar wall is sufficient enough for determining the theoretical occurrence of US-induced lung haemorrhage.
The alveolar wall thickness and size varies in species. According to this study, the threshold pressure for US-induced lung haemorrhage depends primarily on the species' alveolar wall thickness. ECMUS [4] supports these findings by stating that USinduced lung haemorrhage depends on the species of animal.
The Fig. 3 shows that if diagnostic US imaging for humans is kept above 1.69 MHz, the US induced lung haemorrhage will not occur when MI < 1.9. This support the result of the single study of the US induced lung haemorrhage on human [3] . The US medical imaging in the abdominal and thoracic regions, utilizes the frequency of > 2 MHz [28, 29] . Hence, the US-induced lung haemorrhage is prevented during diagnostic US imaging of the adult human if the FDA regulation of MI < 1.9 is obeyed.
The chi-square comparison test in Fig. 2 , shows that the square membrane model of the alveolar resonance to be acceptable with 95% probability. The square membrane model is found valid and describes the US induced lung haemorrhage adequately.
Therefore, the alveolar resonance mechanism can be duly considered as a serious candidate mechanism for the US-induced lung haemorrhage based on the theoretical validation of this membrane model.
The alveolar wall was assumed as square membrane with fixed boundary.
In reality, the alveolar wall borders are supported but the shape is pentagonal, and so the results in this study might vary somewhat. The alveolar wall was further assumed to be isotropic and linearly elastic. This is valid as alveolar wall contains elastin fibres while the occurring strains are small.
Conclusions
Square membrane model of the alveolar resonance mechanism is shown to be theoretically valid. Therefore, the alveolar resonance mechanism explains adequately the US-induced lung haemorrhage. According to this study, the US-induced lung haemorrhage do not occur in human at >1.69 MHz if MI is < 1.9.
Appendices
Appendix A: The Q-factor of support of the square membrane The deformation in a system produces strain. The strain is measured by the ratio of dimensional change in the system. The linear strain that quantizes the longitudinal changes is;
The areal strain that quantizes the surface distortions is; The data is obtained from Church & O'Brien WD [1] and tabulated in Table 1 . 
